Abstract. Dahlia mosaic is a serious disease affecting dahlias. In addition to the Dahlia mosaic virus (DMV) reported previously, we characterized two putative new caulimoviruses, tentatively designated as DMV-D10 and Dahlia common mosaic virus (DCMV), from dahlia. To better understand their relative incidence in dahlia, a total of 213 samples were collected during 2007 and 2008 from several varieties of cultivated dahlia (D. variabilis) in the United States. Samples were tested for the three caulimoviruses using virus-specific primers in a polymerase chain reaction. Amplicons were cloned and sequenced to confirm the infection of dahlia with these viruses. Results showed that DMV-D10 was the most prevalent (94%) followed by DCMV (48.5%) and DMV (23%). Mixed infections were common and viruses were detected irrespective of symptom expression at the time of sampling. Two percent of the samples were not infected by any of the three tested caulimoviruses. Results suggest that caulimovirus infections are widespread in dahlia and highlight the need for testing and production of virus-free material to reduce their spread.
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Dahlia is a high-value flower crop in the United States (Pappu et al., 2005) and several other countries in the world (Albouy, 1995; Brunt, 1971) . The genus Dahlia, whose vernacular name is also ''dahlia,'' is in the sunflower family, Asteraceae. Currently, 35 wild species are recognized (Saar and Sørensen, 2005) There are more than a dozen viruses that infect dahlia (Albouy, 1995) . All of these viruses are RNA viruses except one DNA virus, Dahlia mosaic caulimovirus (DMV). DMV is widely prevalent in cultivated dahlias and causes an economically important disease referred to as dahlia mosaic (Albouy, 1995; Brunt, 1971) . Symptoms of dahlia mosaic disease include mosaic, vein clearing, vein-banding, leaf distortion, systemic chlorosis, and overall stunting of the plant (Pappu and Wyatt, 2003; Pappu et al., 2005) . Symptoms vary depending on the cultivar, and cultivars with few or no symptoms are common. DMV is a member of the genus Caulimovirus family Caulimoviridae. In addition to DMV, which was characterized at the molecular level (Richins and Shepherd, 1983) , recent studies have revealed the presence of at least two more caulimoviruses, tentatively referred to as DMV-D10 and Dahlia common mosaic virus (DCMV) (Nicolaisen, 2003; Pahalawatta et al., 2008a; Pappu et al., 2008) . DMV-D10 shares limited sequence similarity with known caulimoviruses, including DMV, although the genome organization clearly suggests that it is a member of Caulimovirus (Pahalawatta et al., 2008a) . DMV-D10 was found to be widespread based on the surveys conducted in the United States and Europe (Pahalawatta et al., 2007; Pappu et al., 2005) . Moreover, Pahalawatta et al. (2008b) reported that the genome of DMV-D10 is integrated into the dahlia genome and the virus exists as an endogenous plant pararetroviral sequence (EPRV). DCMV was found to be a distinct caulimovirus species based on sequence relationships with known caulimoviruses (Pappu et al., 2008) .
Previous surveys for the caulimoviruses used partial sequences of DCMV (referred to as DMV-Holland in Pahalawatta et al., 2007) and results showed differences in relative incidence of the three caulimoviruses in the United States and The Netherlands. After the complete genome characterization of DCMV, it becomes evident that there are at least three distinct caulimoviruses that are associated with dahlia mosaic. The aim of this study was to determine the incidence of the three distinct caulimoviruses in dahlia.
Materials and Methods
Sample collection. A total of 213 dahlia (D. variabilis) samples were collected from display gardens in Washington State between June and Sept. 2007 and during Sept. 2008 . A wide range of symptoms were noticed. These included mosaic, systemic chlorosis, leaf malformation, and stunting. Sampling was done randomly and irrespective of the presence of symptoms.
Total nucleic acid extraction. Total nucleic acids were extracted from dahlia samples using the modified Dellaporta procedure (Presting et al., 1995) as described in Pahalawatta et al. (2007) .
Polymerase chain reaction amplification. Primer pairs specific to each of the three virus species were used (Table 1 ). The quality of the extracted DNA was verified by polymerase chain reaction (PCR) using a hostspecific primer pair designed based on a portion of the internal transcribed spacer regions of dahlia (GenBank #AF165831.1). A 1:20 dilution of the total nucleic acid extract was used in PCR. Each 20 mL PCR reaction contained 2 mL of the total nucleic acid extract, 1· PCR buffer (20 mM Tris, pH 8.4, and 500 mM KCl), 150 mM dNTP mix, 2 mM MgCl 2 , and 0.6 pmole each of forward and reverse primers, 12.7 mL sterile H 2 O, and 0.1 mL Taq DNA polymerase. The amplification was performed in a DNA thermal cycler (BioRad, Hercules, CA) with the following parameters: 50 cycles at 94°C for 30 s, the required annealing temperature (Table 1) based on the primer pair used for 20 s, and 72°C extension step determined based on the size of the amplicon to be synthesized (at the rate of 1000 bp/min) preceded by an initial incubation of 94°C for 4 min and ended by a final incubation at 72°C for 7 min. PCR products (7.5 mL) were analyzed by agarose gel electrophoresis (1.2%) in 0.5· TAE (Trisacetate-EDTA) buffer.
Cloning and sequencing of the amplicons. At least one amplicon for each of the virus species was cloned into TOPO vector (Invitrogen, Carlsbad, CA). Recombinant plasmids were sequenced at the Washington State University sequencing core facility.
Sequences were compared with the genomic sequences of the three viruses to confirm the identity of the amplicons.
Results and Discussion
Of the 193 symptomatic and asymptomatic dahlia samples collected from a dahlia display garden in 2007, DMV-D10 was found in 94% (Fig. 1) of the samples. Specific amplicons of expected size were obtained from each of the primer pair used and the sequence results verified their identity. DCMV was the second most frequent virus, after DMV-D10, found during the survey (Fig. 2) . Mixed infections were common. The frequency of incidence of DMV alone and associated with other viruses was low compared with DMV-D10 and DCMV and it ranged between 17% and 26% (Fig. 2) . The occurrence of mixed infections containing all three caulimoviruses, DMV-D10, DMV, and DCMV, ranged from 8.82% to 15.63% in 2007 (Fig. 2) . The results of the 20 samples collected in Sept. 2008 also showed the relatively higher incidence of DMV-D10 and DCMV compared with that of DMV (Fig. 2) .
Symptoms associated with virus infection included mosaic, mottling, vein chlorosis, and necrosis and in some plants resulted in stunting. There was no noticeable correlation between the detection of the virus and the symptom expression as 38% to 41% of DMV-D10-infected samples and 40% to 44% of DCMV-infected samples showed symptoms (Fig. 3) . However, plants were frequently infected with more than one virus, and the majority of samples were asymptomatic but were found to be positive by PCR. DMV-D10 incidence was higher (greater than 50%) in asymptomatic samples compared with DCMV and DMV (Fig. 3) .
Results of this study showed the widespread occurrence of DMV-D10 in cultivated dahlias. Additionally, testing showed that DCMV was more prevalent than DMV, and mixed infections were common. This is supported by earlier studies (Pahalawatta et al., 2008a; Pappu et al., 2005) . Infection of dahlia plants by DMV-D10 was often asymptomatic
(greater than 50% of tested samples) but sometimes resulted in showing symptoms (mentioned previously). The high incidence of DMV-D10 could be because this virus was shown to exist as an EPRV (endogenous pararetroviral sequence) (Pahalawatta et al., 2008b) and for this reason, different primer sets to detect DMV-D10 were used. It was reported that EPRVs are not always neutral and they contribute to pathogenicity as shown in the case of Tobacco vein clearing virus (TVCV) and Petunia vein clearing virus (PVCV) Lockhart et al., 2000; Ndowora et al., 1999; Richert-Poggeler et al., 2003) .
The other two caulimoviruses, DCMV and DMV, do not appear to be integrated into Pahalawatta et al. (2007 Pahalawatta et al. ( , 2008b . DMV-and internal transcribed spacer-specific primers were designed from GenBank accessions #AY291586 and AF165831, respectively. the dahlia genome and instead they seem to exist as episomal elements typical of other known species in the genus Caulimovirus (Pahalawatta et al., 2008b) . DCMV was the second most prevalent caulimovirus after DMV-D10 followed by DMV in incidence with 48.5% and 23%, respectively (Fig. 1) . In a previous survey by Pahalawatta et al. (2007) of dahlias in the United States and The Netherlands, DCMV and DMV infections were 31.9% and 21.8%, respectively. Mixed infections were found to be common, whereas the frequency of incidence of DMV and DMV-D10 (9.38%) together was low compared with DMV-D10 and DCMV (43.75%) (Fig. 2) , and 15.6% of the samples had all three viruses. The results from testing the cultivated dahlias highlight the importance of screening dahlia propagative material for these three viruses before using them in vegetative propagation, especially that presence of symptoms is not a criterion for virus infection diagnosis. At present, PCR-based detection assays are the most reliable methods for detecting viruses associated with dahlia mosaic. Reducing the spread and impact of these viruses in dahlia requires production of virus-free stock, and virus interception and elimination tactics should take into account the diversity of caulimoviruses extant in dahlia.
